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Delayed Implantation of a Peripheral Nerve Graft Reduces
Motoneuron Survival but Does Not Affect Regeneration
following Spinal Root Avulsion in Adult Rats
WUTIAN WU, HONG CHAI, JIANYI ZHANG, HUAIYU GU, 
YUANYUN XIE, and LIHUA ZHOU
ABSTRACT
Adult spinal motoneurons can regenerate their axons into a peripheral nerve (PN) graft following
root avulsion injury if the graft is implanted immediately after the lesion is induced. The present
study was designed to determine how avulsed motoneurons respond to a PN graft if implantation
takes place a few days to a few weeks later. Survival, regeneration, and gene expression changes of
injured motoneurons after delayed PN graft implantation were studied. The survival rates of spinal
motoneurons were 78%, 65%, 57%, or 53% if a PN graft was implanted immediately, 1, 2, or 3
weeks after root avulsion, respectively. Interestingly, most of the surviving motoneurons were able
to regenerate their axons into the graft regardless of the delay. All regenerating motoneurons ex-
pressed p75, but not nNOS, while all motoneurons that failed to regenerate expressed nNOS, but
not p75. p75 and nNOS may, therefore, be used as markers for success or failure to regenerate ax-
ons. In the group with immediate graft implantation, 85% of the surviving motoneurons extended
axons into the PN graft, while in the groups in which implantation was delayed 1, 2, or 3 weeks,
84%, 82%, and 83% of the surviving motoneurons, respectively, were found to have regenerated
into the grafts. These findings indicate that avulsed spinal motoneurons retain the ability to regen-
erate for at least 3 weeks, and perhaps for as long as they survive. Therefore, the delayed implan-
tation of a PN graft after root avulsion may provide a continued conducive environment to support
regeneration.
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INTRODUCTION
IN ADULT RATS, the majority of spinal motoneurons sur-vive after axotomy of a peripheral nerve (PN) if at least
5 mm of PN remains (Gu et al., 1997), but, however,
most motoneurons degenerate if the axotomy is per-
formed closer to the cell body. In the case of spinal root
avulsion, which injures motoneuron axons close to the
cell body, dramatic motoneuron death ensues in the af-
fected spinal segment (Wu, 1993; Koliatsos et al., 1994;
Novikov et al., 1995). This response to root avulsion may
be due to the complete loss of trophic support from the
PN component, since PN graft implantation immediately
after avulsion can prevent such motoneuron loss (Wu et
al., 1994a).
Adult rat spinal motoneurons express neuronal nitric
oxide synthase (nNOS) following root avulsion (Wu,
1993, 1996; Wu et al., 1994b). Expression of nNOS in
injured motoneurons begins at 1 week and reaches a max-
imum 3–4 weeks postinjury. The peak level of mNOS
seems to trigger motoneuron death, since significant cell
loss in the avulsed segment of the spinal cord occurs start-
ing at 4 weeks postinjury (Wu, 1993). It is interesting to
note that implantation of a PN graft immediately after
root avulsion not only enhances the survival of mo-
toneurons but also inhibits the expression of nNOS in the
injured motoneurons (Wu et al., 1994a; Wu, 1996). These
findings suggest that avulsed motoneurons may obtain
trophic support from the implanted PN graft before the
expression of nNOS is initiated, which in turn prevents
the death of injured motoneurons. However, it is not clear
whether injured motoneurons can survive if graft im-
plantation is delayed until nNOS is expressed in the in-
jured motoneurons. The proportion of motoneurons that
retain the ability to regenerate if implantation is delayed
is also unknown.
In earlier studies of PN graft implantation performed
immediately after root avulsion, we found that low-affin-
ity nerve growth factor receptor (p75) is re-expressed in
all regenerating motoneurons but not in nonregenerating
ones (Wu et al., 1994a; Wu, 1996), but again the role of
such re-expression is not clear.
The present study was designed to determine (1)
whether motoneuron death due to root avulsion contin-
ues if PN graft implantation is delayed; (2) whether in-
jured motoneurons can regenerate into a PN graft im-
planted when nNOS is expressed by these neurons; (3)
whether expression of nNOS and p75 in injured mo-
toneurons can be regulated by PN grafts implanted after
a delay; and (4) how delayed PN graft implantation af-
fects motoneuron regeneration.
MATERIALS AND METHODS
Surgical Procedures
All of the procedures used in this study were approved
by the Committee on the Use of Live Animals for Teach-
ing and Research of the Faculty of Medicine at the Uni-
versity of Hong Kong.
Adult male Sprague-Dawley rats (200–250 g) under-
went root avulsion following the surgical procedure de-
scribed previously (Wu, 1996). Briefly, animals were
anesthetized by intramuscular injection of ketamine (80
mg/kg) and xylazine (8 mg/kg) and a dorsal laminectomy
was carried out under aseptic conditions. The seventh cer-
vical (C7) spinal roots (both dorsal and ventral) were
identified and avulsed with microhemostat forceps. The
avulsed roots and dorsal root ganglia were cut away from
the peripheral nerve and examined under a dissecting mi-
croscope to confirm the success of the avulsion. One
group of 6 animals was used as control without receiv-
ing further treatment. Four groups of 6 to 8 animals each
then received a PN graft immediately, or 1, 2, or 3 weeks
later.
In animals destined to receive PN grafts, the spinal mo-
toneurons at C7 were prelabeled with fast blue (FB) 2
days before the root avulsion was carried out. After avul-
sion, a piece of femoral nerve (PN graft), about 2 cm
long, was implanted into the lesioned spinal segment by
suturing its central end with 11-0 suture into a small cut
on the surface of the lateral funiculus at C7. The periph-
eral end of the graft was implanted into skeletal muscle
adjacent to the vertebral column. The total survival time
for all animals was 6 weeks after root avulsion. Two days
before the end of the survival period, animals were re-
anesthetized, and the implanted grafts were identified and
labeled with a second dye, diamidino yellow (DY). The
tracers FB and DY can be differentiated within neurons
by their distinct colors and localizations within different
subcellular compartments in the cell body (FB is distrib-
uted within the cytoplasm, whereas DY is concentrated
in the nucleus). Based on the experimental design, the
FB-labeled neurons represent surviving motoneurons that
did not regenerate into the PN graft following avulsion.
FB and DY double-labeled neurons represent surviving
motoneurons that regenerated into the PN graft follow-
ing avulsion.
Perfusion and Tissue Processing
At the end of the survival period, the rats were given
a lethal dose of Nembutal. The thoracic cavity was
opened and perfused intracardially with phosphate-
buffered saline (PBS). Then the animals were perfused
with 200–300 mL of fixative containing 4% para-
formaldehyde and 0.2% picric acid in 0.1 M PBS (pH
7.4). After perfusion, the implanted PN graft was care-
fully examined under an operating microscope. Only
specimens with clearly successful implants, showing a
tight connection between the graft and the host spinal
cord, were used for data analysis. The lesioned segments
of the spinal cord were removed and immersion-fixed in
fresh fixative for 4–6 h and then placed in 30% phos-
phate-buffered sucrose overnight.
On the following day, 30-m frozen sections were cut,
collected in 0.1 M PBS, and mounted onto glass slides
for fluorescent microscopy.
NADPH Diaphorase Histochemistry
Expression of nNOS was detected by NADPH di-
aphorase histochemistry (NADPH-d). Sections were in-
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cubated at 37°C for 1 h in 10 mL of 0.1 M Tris-HCL (pH
8.0) containing 10 mg of NADPH (Sigma) and 2.5 mg
of nitro blue tetrazolium, and then counterstained with
neutral red. This method has previously been proven to
identify nNOS-containing neurons under normal condi-
tions (Bredt et al., 1991; Dawson et al., 1991; Hope et
al., 1991; Vincent et al., 1992). We have also previously
demonstrated that NADPH-d stains exactly the same pop-
ulation of lesioned motoneurons visualized by nNOS-im-
munocytochemistry and nNOS in situ hybridization (Wu
et al., 1994b).
Immunocytochemistry Staining for p75
Procedures for immunocytochemistry (ICC) staining
were similar to those used in a previous study (Wu,
1996). Briefly, sections were incubated in primary an-
tibody to p75 (Oncogene Science, Inc. Cambridge, MA)
for 48 h at 4°C. The antibody was applied in 1:1000 di-
lution in 0.1 M PBS containing 2% normal serum and
0.2% Triton X 100. Then, sections were washed in PBS
three times for 10 min each, and incubated in biotiny-
lated secondary antiserum (Vectastain ABC kit, Vector
Lab, Burlingame, CA) for 40 min at room temperature.
Sections were rinsed and incubated in ABC reagents
(Vectastain ABC kit) for 60 min. Sections were then
washed thoroughly and incubated in 0.05% DAB and
0.03% H2O2 for 3–5 min until a brown reaction prod-
uct was observed.
Double Staining of ICC and NADPH-d
After ICC staining, sections were processed further for
NOS staining with NADPH-d histochemistry as de-
scribed above. Both the brown ICC product (p75) and the
blue NADPH-d product (NOS) were present on the same
sections, and they were easily identifiable.
Retrograde Injury-Filling of Regenerated Spinal
Motoneurons with Fluorescent Dyes
Prelabeling was performed under anesthesia 2 days
before the root avulsion. One to 2 L of 2% fast blue
(FB) solution (Sigma) was injected into the C7 spinal
nerve. The nerve was then crushed at the injection 
site with a no. 5 forceps for 5 sec to ensure all axons
were injured. Two days after FB injection, animals un-
derwent root avulsion and graft implantation as de-
scribed above. Two days before the end of the survival
period, animals were reanesthetized, the implanted
grafts were identified, and the second dye, DY (2%,
1–2 L), was injected into the grafts 10 mm distal to
the spinal cord following the procedure described
above.
Motoneuron Counts
Motoneurons in the C7 spinal cord were counted
blindly on both sides of the spinal cord in all sections
that were stained with NADPH-d and counterstained with
neutral red, as described previously (Wu, 1993). The
number of motoneurons on the contralateral (intact) side
served as the normal control and was expressed as 100%.
The numbers of motoneurons were compared among
groups. Data were analyzed with a one-way analysis of
variance (ANOVA) followed by Tukey-Kramer multiple
comparison tests.
RESULTS
Survival of Motoneurons in Avulsed Spinal
Segment after Delayed PN Graft Implantation
The PN grafts from most animals with immediate or
delayed implantation were tightly connected with the host
spinal cord. Implanted grafts looked normal and similar
to the adjacent spinal roots (Fig. 1). One or two samples
from each group did not show a good connection to the
host and were not used. In general, the earlier the PN
graft was implanted, the higher the percentage of mo-
toneuron survival. In the control animals, which did not
receive a PN graft, about 30  4.9% of motoneurons sur-
vived in the injured segment at 6 weeks after avulsion as
compared with the intact, contralateral side. PN graft im-
plantation immediately after root avulsion significantly
increased motoneuron survival to 78  7.5% after the
same postinjury time. The motoneuron survival rate then
decreased to 65  6.8%, 57  6.9%, or 53  7.9% as
implantation was delayed 1, 2, or 3 weeks after root avul-
sion, respectively (Fig. 2), but all of the survival rates
were higher than that of the control. In addition, the sur-
vival rate of motoneurons in the immediately implanted
group was significantly higher than that of all delayed
implanted groups. Differences among the delayed im-
planted groups were not statistically significant (Fig. 2).
Regeneration of Injured Motoneurons into the
Delayed Implant
Although the number of surviving motoneurons was
affected by the timing of PN graft implantation, most sur-
viving motoneurons were able to regenerate their axons
into the PN graft regardless of the time of implantation.
The rate of regeneration in the different groups was sim-
ilar. Eighty-five percent of the surviving motoneurons re-
generated when the PN graft was implanted immediately
after root avulsion. Although the total number of surviv-
ing motoneurons decreased in the groups with delayed
PN graft implantation, 84%, 82%, and 83% of them were
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found to have regenerated into the delayed PN grafts at
1, 2, or 3 weeks postinjury, respectively (Fig. 2).
Expression Patterns of NOS and p75 in Injured
Motoneurons after Delayed Implantation
Expression of NOS in spinal motoneurons after root
avulsion was dramatically downregulated in all animals
with a PN graft regardless of the time of implantation
(Fig. 3C). Even in those animals receiving a graft 3 weeks
postavulsion, when more than 80% of injured motoneu-
rons have expressed NOS in controls, expression of the
enzyme was significantly downregulated after PN im-
plantation. Furthermore, all regenerated motoneurons
also expressed p75 (Fig. 3A–C). In contrast, all the mo-
toneurons that failed to regenerate expressed NOS but
not p75, regardless of the postavulsion time of PN graft
implantation and the number of motoneurons regenerated
(Fig. 3A–C). For example, in one case of a delayed and
poorly implanted graft, only one motoneuron regenerated
an axon into the graft, and that motoneuron expressed
p75 while the remainder expressed NOS (Fig. 3D–F).
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FIG. 2. Survival and regeneration of avulsed spinal motoneurons following delayed PN implantation. The numbers of mo-
toneurons that survived and were regenerated are expressed as mean percentage  SD. Numbers in bars represent numbers of
animal examined in each group. **p  0.001 versus all other groups. *p  0.05, 0.01, 0.001 versus 1 week, 2 week, and 3 week
delayed, respectively.
FIG. 1. Diagrams illustrating PN graft implantation after root avulsion. The C7 spinal roots, both ventral and dorsal, together
with the dorsal root ganglion were avulsed and a PN graft was implanted into the lesioned side. The inset shows the PN graft
was satisfactorily connected to the lesioned area as shown under an operating microscope after perfusion fixation.
DISCUSSION
Survival of Spinal Motoneurons following 
Axonal Injury
It is well known that transection of motoneuron axons
or removal of their targets during embryonic or early
postnatal development results in massive motoneuron
loss, whereas axotomy of adult PN induces little if any
neuronal death (Kashihara et al., 1987; Pollin et al., 1991;
Schmalbruch, 1988; Lowrie et al., 1992). However, se-
vere axonal injury, as in spinal root avulsion, can cause
a massive motoneuron loss in adult animals (Wu, 1993,
1996; Koliatsos et al., 1994; Novikov et al., 1995). Re-
cently, the root avulsion model has been widely used to
study mechanisms underlying neuronal death and regen-
eration following axonal injury (Cullheim et al., 1999;
Martin et al., 1999; He et al., 2000; Hammarberg et al.,
2000; Chan et al., 2001; Yamada et al., 2001).
Several experimental manipulations have been re-
ported to prevent motoneuron death in adult animals suf-
fering root avulsion. Among these manipulations, im-
plantation of a PN graft (Wu et al., 1994a, Holtzer et al.,
1996; Liu et al., 1998; Chai et al., 2000; Kassar-Duchossy
et al., 2001; Rhrich-Haddout et al., 2001) or treatment
with neurotrophic factors (Wu et al., 1995, Novikov et
al., 1995; Oorschot et al., 1998; Watabe et al., 2001)
greatly enhanced survival. In those studies, the segment
of nerve was usually implanted immediately following
root avulsion. In the present study, we have shown that
delayed implantation can still rescue the remaining 
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FIG. 3. Horizontal sections through the ventral horns of the spinal cords. (A–C) from a rat that underwent a successful im-
plantation of a PN graft 2 weeks after root avulsion. (D–F) From a rat that also underwent implantation of a PN graft 2 weeks
after root avulsion, but the PN graft was poorly connected with the host. Motoneurons were prelabeled with FB 2 days before
root avulsion. A PN graft was then implanted 2 weeks after root avulsion. Four weeks after implantation, DY was applied into
the graft and animals were perfused and prepared for fluorescent microscopy, then sections were immunocytochemically stained
for p75 and NOS histochemistry. In successful implantation, many motoneurons were found to regenerate their axons into the
PN graft (arrows in A and B, FB and DY double labeled). The regenerated motoneurons expressed p75 (arrows in C) and the
nonregenerated ones (labeled by FB but not DY) expressed NOS (blue cells in C). In poor implantation, only one motoneuron
was found to regenerate its axon into the PN graft (arrow in D and E, FB and DY double labeled). It was this motoneuron that
expressed p75 (arrow in F). The rest of the motoneurons, which were NOS positive, were unable to regenerate their axons into
the PN graft (blue cells in F). Bar  50 m.
motoneurons from degeneration. It seems that adult 
motoneurons retain the ability to survive following root
avulsion. This ability remains only for a short period, af-
ter which most of the injured motoneurons die. Within
this limited period of time, motoneurons can be rescued
by providing a suitable environment, such as a PN graft.
The proportion of motoneurons rescued depends on the
number surviving at the time of implantation. In general,
the earlier the PN graft is implanted, the greater the num-
ber of injured motoneurons that can survive. PN graft im-
plantation immediately after root avulsion has the most
favorable effect on motoneuron survival. The difference
in the survival rate between the immediate-implantation
group and the 1 week–delayed group is smaller than that
between other prolonged delayed groups. Therefore, the
best time for the PN graft implantation seems to be within
1 week after root avulsion.
Regenerating Capacity of Spinal Motoneurons
following Axonal Injury
Although it is well established that many types of CNS
neurons can regrow their axons into a PN graft follow-
ing injury (Aguayo et al., 1982), the capacity for such
axonal sprouting varies among populations of neurons.
Factors that affect axonal regrowth include the type of
neurons under investigation, their age, and the time of
PN transplantation after injury. In adult animals, for ex-
ample, corticospinal neurons are unable to regrow their
axons into a PN graft following axotomy (Decherchi et
al., 2000), whereas spinal motoneurons are capable of re-
generating their axons into a PN graft (Wu et al., 1994a).
This illustrates differences in the intrinsic capacity for
axonal regrowth between these two types of neurons.
One important finding of the present study is that the
majority of injured motoneurons were able to regenerate
their axons into the graft after a delay. Both the total num-
ber of regenerating motoneurons and the total number of
motoneurons surviving was greater in animals that un-
derwent earlier implantation than in those implanted later.
The rate of successful regeneration in the avulsed mo-
toneurons, however, was about the same (about 80% of
surviving motoneurons) regardless of the length of time
that passed between the injury and implantation. This
finding indicates that avulsed motoneurons can regener-
ate if a permissive environment is provided. Therefore,
it may never be too late to implant a PN graft after root
avulsion as long as surviving motoneurons remain.
Potential Roles of nNOS and p75 in Motoneuron
Survival and Regeneration
Our previous study showed that expression of nNOS
in damaged motoneurons could be prevented if a PN graft
is implanted immediately after root avulsion (Wu et al.,
1994a; Wu, 1996). A potential mechanism underlying
this phenomenon may be that injured motoneurons ob-
tain trophic support from the PN graft before the ex-
pression of nNOS is turned on. In the present study, we
have shown that PN graft implantation several weeks af-
ter root avulsion can still inhibit the expression of nNOS
even after the expression of nNOS has been initiated and
this enzyme has reached its maximum level in the injured
motoneurons. Such inhibition of nNOS expression was
observed in regenerating motoneurons but not in those
that failed to regenerate, suggesting that factors from the
graft are responsible for the inhibition of nNOS expres-
sion, and that nNOS may not be required for motoneu-
ron regeneration.
The mechanism underlying the expression of nNOS in
adult spinal motoneurons following root avulsion remains
unknown. nNOS seems to play different roles in different
populations of neurons. Previous studies have demon-
strated that expression of nNOS in spinal motoneurons
seems to be associated with the degenerative process (Wu,
1993; Wu et al., 1994b) and is a cytotoxicity marker for
the injured motoneurons (He et al., 2003). In cerebellar
Purkinje cells, NOS expression is also coincident with the
death of injured cells (Chen et al., 1993). On the other
hand, a study of axonal injury in cranial motoneurons sug-
gests that NOS expression is not related to the death of in-
jured neurons but is correlated with axonal regeneration
(Yu, 2002). In the hypothalamus, increased expression of
NOS is also associated with regeneration processes in mag-
nocellular neurons of the supraoptic and paraventricular
nuclei following hypophysectomy (Wu and Scott, 1993).
Although the precise relationship between the expres-
sion of nNOS and neuronal injury is unclear, nNOS ex-
pression in injured motoneurons may act via one of the
following mechanisms. First, NOS/NO may be neuro-
toxic and directly responsible for the death of injured mo-
toneurons. Second, NOS/NO might act as a replacement
for neurotrophic factors when motoneurons are deprived
of them. This may explain why nNOS is induced in mo-
toneurons injured by root avulsion but not by distal ax-
otomy (Wu, 1993; Gu et al., 1997). In distal axotomy,
motoneurons may still obtain trophic factors from the re-
maining peripheral environment, which in turn may pre-
vent the expression of nNOS, whereas in root avulsion,
motoneurons lose the peripheral source of trophic sup-
port, and so the expression of nNOS is induced. Inhibi-
tion of nNOS expression in regenerated motoneurons fol-
lowing PN graft implantation seems to support this
hypothesis since regenerated motoneurons that are able
to obtain neurotrophic support from the PN graft no
longer need NOS/NO. Further study is needed to eluci-
date the precise role of nNOS in injured motoneurons.
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The role and expression of p75 in embryonic and early
postnatal spinal motoneurons have been thoroughly inves-
tigated, but p75 is not expressed in mature spinal mo-
toneurons (Bothwell, 1995; Chiu et al., 1993; Ernfors et al.,
1989). Adult motoneurons re-express p75 after axonal in-
jury such as sciatic nerve crush (Chiu et al., 1993; Ernfors
et al., 1989). Although the precise role of such expression
is not clear, re-expression of p75 in injured motoneurons
coincides with their survival and regeneration (Wu, 1996).
The results of the present study provide further support to
the idea that p75 plays a beneficial role in neuronal recov-
ery from axonal injury. First, p75 can inhibit cell death in-
duced by traumatic injury and by neurotoxic beta-amyloid
peptide, and promote neurite outgrowth, axonal extension,
and neuronal survival by binding neurotrophins such as
CNTF, BDNF, NGF, or monoclonal antibody (Rabizadeh
et al., 1993, 1994). Second, re-expression of p75 is observed
only in motoneurons that are sprouting, so the signals that
trigger and sustain this re-expression may originate in the
periphery (Rende et al., 1993). The re-expression of p75 in
regenerated motoneurons after delayed implantation of a
PN graft found in the present study may simply reflect the
retrograde transport of neurotrophic factors from the PN
graft. Third, p75 is expressed not only in axons but also in
the pathways along which they grow, including Schwann
cells, which could present neurotrophins to growing axons
(Lee et al., 1994). In conclusion, re-expression of p75 ap-
pears to play a beneficial role in neuronal survival and re-
generation following axonal injury.
A further interesting finding of the present study is that,
without exception, all regenerating motoneurons express
p75, whereas all motoneurons that fail to regenerate ex-
press nNOS, regardless of the time of graft implantation
or the number of motoneurons that actually send axons
into the graft. Therefore, the expression of p75 can be
used as a marker for the successful regeneration of spinal
motoneurons, and expression of nNOS can serve as a
marker for unsuccessful regeneration.
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